INTRODUCTION
The mammalian retina is derived from neural ectoderm and consists of many distinct neurons that are organized in three cell layers to perform phototransduction and initial visual processing (1) . Extensive studies have indicated that various retinal cell types arise from common progenitors (2) . As with other developing systems (3) (4) (5) , retinal differentiation and function require precise control of temporal and spatial patterns of gene expression. Two complementary strategies have been employed to gain insights into the transcriptional control of retinal genes. One is to dissect the cis-acting elements in the promoter-enhancer regions of photoreceptor-specific genes (6) and the other is to directly isolate transcription factor genes using molecular techniques (7, 8) . The cone-rod homeobox (CRX) gene was independently identified using these approaches and shown to be expressed predominantly in photoreceptors (9) (10) (11) . It encodes a paired homeodomain protein of 299 amino acids with high homology to proteins of the otd/Otx gene family, members of which participate in regulating early neuronal development (12) . The CRX protein binds to specific DNA sequence elements in vitro and transactivates expression from minimal promoters of several photoreceptorspecific genes, including rhodopsin (9, 11) . In transient transfection experiments, CRX acts synergistically with NRL, a transcription factor of the basic leucine zipper motif (bZIP) family (7) .
*To whom correspondence should be addressed. Tel: +1 734 936 9547; Fax: +1 734 647 0228; Email: swaroop@umich.edu We and others have previously identified CRX mutations in patients with autosomal dominant cone-rod dystrophy (CORD), a relatively early onset (often in the teens) disease involving degeneration of cone and rod photoreceptors (10, 13) . Since CRX is expressed early in development (11) and is functionally implicated in photoreceptor differentiation (9), we hypothesized that a homozygous mutation in the CRX gene would result in a congenital or early onset retinopathy. Leber congenital amaurosis (LCA) is a clinically and genetically heterogeneous disease, which is usually inherited in an autosomal recessive manner and is characterized by total blindness at birth or shortly thereafter (MIM 204000) (14) . In a small number of LCA patients, mutations have been reported in genes for a retina-specific guanylate cyclase (15) and a retinal pigment epithelium-specific 65 kDa protein, RPE65 (16, 17) . In addition, two separate CRX mutations (E168∆2bp and G217∆1bp) have recently been described in LCA patients (18) . Surprisingly, however, in each of these reported cases CRX sequence changes were identified in only one allele and the mutation appeared to originate de novo, as neither parent carried the mutant allele. Here, we demonstrate for the first time that a novel CRX mutation (R90W) can cause LCA in an autosomal recessive manner. We also present biochemical and clinical data that provide insights into the mechanism by which the mutation causes the disease.
RESULTS

A homozygous CRX-R90W mutation in LCA
The three CRX exons and their flanking regions were examined in nine probands diagnosed with LCA by direct sequencing of amplified products. This analysis revealed a C→T nucleotide transition in the CRX exon 3 of the proband (II-1) from family UM D188 (Fig. 1A , showing a G→A sequence change in the antisense strand). Since only a T nucleotide was detected at this position, the sequence alteration was present in both CRX alleles of the proband. No other nucleotide change was observed. Both the parents and an older full sister of the affected girl demonstrated heterozygosity, i.e. carried both a C and a T nucleotide (Fig. 1A) . The C→T change had not been detected in our previous analysis of the CRX gene from 170 CORD probands (13) or in 20 additional CORD patients screened later (data not shown). Since this nucleotide change creates a new BsrI restriction site, we digested PCR-amplified products of CRX exon 3 from 48 control individuals with this restriction enzyme. The C→T nucleotide change was not detected in any control sample (data not shown), further confirming that it is not a common polymorphic variant in the population.
The C→T transition results in the substitution of a tryptophan (W) residue for arginine (R) at codon 90, which is in helix 3 of the CRX homeodomain (Fig. 1B) . R90 is conserved in the CRX protein from different species, in all members of the otd/Otx family and in many other homeodomains (Fig. 1C) . 
The CRX R90W protein shows reduced binding to DNA sequence elements
To examine the effect of the mutation, wild-type and mutated CRX homeodomains (CRXHD and CRXHD R90W , respectively) were expressed in bacteria as GST fusion proteins, purified and tested for DNA binding activity (Fig. 2) . SDS-PAGE analysis demonstrated that an equivalent amount of the wild-type and mutant fusion protein was used for the binding experiments ( Fig. 2A) . Electrophoretic mobility shift assays (EMSAs) were performed with each of the rhodopsin promoter elements that had been previously shown to bind to Crx; Ret 1, BAT-1 and Ret 4 ( Fig. 2B-D) . In all cases, the mutant homeodomain (CRXHD R90W ) showed reduced binding activity compared with the wild-type (CRXHD). The maximum decrease in binding was noted with the Ret 1 and Ret 4 sites. With the Ret 4 site, CRXHD R90W also demonstrated a slightly different mobility shift compared with the wild-type protein (Fig. 2D) .
The R90W mutation reduces CRX-mediated transactivation of the rhodopsin promoter
To further assess the functional consequence of the R90W mutation, we performed transient transfection studies using a bovine rhodopsin promoter (-130 to +70 bp)-luciferase reporter assay with human 293 cells. Compared with the wild-type, the mutant CRX R90W protein demonstrated minimal, if any, ability to transactivate expression of the reporter gene (Fig. 3A) . Additionally, in the presence of bZIP transcription factor NRL, the CRX R90W protein significantly reduced synergistic transactivation of the rhodopsin promoter (Fig. 3B) . Taken together, these results suggest that the R90W mutation reduces but does not abolish the transcriptional regulatory activity of CRX.
Clinical characteristics of affected individuals
The proband (II-1) homozygous for the CRX-R90W mutation had severe and nearly complete vision loss from birth, with 'counting fingers' visual acuity and nearly global loss of visual fields with no ability to detect light presented other than directly ahead of her. Her ocular fundus showed extensive pigmentary retinopathy and electroretinogram (ERG) responses had >98% amplitude loss of rod and cone components (Fig. 4) . This constellation of clinical features is termed Leber congenital amaurosis (http://www.ncbi.nlm.nih.gov/ Omim/ ) (14) . No systemic abnormalities were noted. Normal developmental milestones were attained and intelligence was normal.
The heterozygous parents retained normal visual acuity and were relatively asymptomatic clinically, except for being photoaversive to bright lights and preferring not to drive at or after dusk (Table 1 and Fig. 4) . The mother (I-1) retained normal color discrimination on the Farnsworth D-15 test (which, like visual acuity, probes only the central-most cone function); however, she missed six of 12 Ishihara plates, indicating that her color vision was grossly deficient across the central 5-10_ of vision. This is evidence of a functional deficit of macular cones outside the central fovea, mirroring the punctate retinopathy that was observed at the edges of her macula, in which the retinal pigment epithelium (RPE) shows early atrophy in a 20-40_ band in the rod-rich region of the retina. Both parents had photopic cone and 30 Hz flicker ERG abnormalities, which were more advanced in the mother, and both had impaired rod threshold sensitivities centrally in the macula but not in the peripheral retina. These changes indicate a mild form of disease, clinically termed cone-rod dystrophy. When examined at age 15, the sister of the proband (II-2) did not have apparent fundus abnormalities by direct and indirect ophthalmoscopy. 
DISCUSSION
The structure and function of photoreceptors appear to be under strict genetic control since mutations in a large number of genes (or genetic loci, >40 at this stage) can lead to retinal and macular dystrophies (19) (http://www.sph.uth.tmc.edu/www/utsph/RetNet/ disease.htm ). Most of the identified 'disease' genes encode photoreceptor-specific proteins that are involved in phototransduction or are structural proteins. It has, therefore, been expected that mutations in transcription factors that control the expression of photoreceptor-specific genes (e.g. rhodopsin) would result in retinopathies. The bZIP transcription factor NRL and the homeodomain protein CRX have been implicated in rhodopsin regulation and probably act in a synergistic manner (11, 20, 21) . Although initial screening did not reveal causative NRL mutations in a cohort of 53 retinal dystrophy patients (22) , mutations in the CRX gene were recently reported in families with autosomal dominant CORD and LCA (10, 13, 18) . This is the first report of a homozygous mutation in CRX resulting in LCA. The R90W substitution shows a classical autosomal recessive pattern of inheritance with one mutated allele provided by each parent. This change was not observed in 48 control individuals or in 190 CORD probands. Although the parents are unaware of consanguinity in the ancestry, both families originated from a small community near Bombay, India. In an otherwise Hindu region, this community was converted to Christianity by Portuguese missionaries some 450 years ago, possibly leading to a sequestered population with an ancestral CRX-R90W allele, which converged in the proband and resulted in LCA. The arginine codon 90 is a highly conserved residue in recognition helix 3 of the homeodomain. It seemed likely that its substitution with tryptophan would alter the DNA-binding and transcriptional regulatory potential of CRX. This hypothesis was confirmed by the finding that in vitro the mutation was associated with both reduced DNA binding and decreased transcriptional activity. It should be noted that another mutation in the homeodomain (R41W) has previously been shown to decrease the DNA-binding activity of CRX protein in vitro (13) . Further evidence for R90W being a causative mutation in this LCA family is provided by ophthalmologic and physiological studies. Both of the parents are heterozygous for the CRX R90W mutation and showed clinical and ERG characteristics of mild cone-rod disease and macular involvement. We had previously reported a CORD family (UM H0992) with autosomal dominant disease resulting from an R41W mutation in the CRX homeodomain that caused maculopathy from cone-rod disease (13) . Overall, the disease features in that previous R41W family are concordant with the R90W parents in this LCA family. In both families, the heterozygous individuals show punctuate pigmentary maculopathy and early mild RPE atrophy that extends into the nasal retina and surrounds the macula in a band extending from 20 to 40_ in the rod-rich mid-peripheral retina. However, amongst the patients examined, the R41W mutation in the heterozygous state caused a more severe disease phenotype than did the R90W mutation. This is consistent with the finding that in vitro the R41W mutation affects DNA binding more severely than does the R90W mutation (13) . Based on these findings, we would predict that an R41W homozygote or an R90W/R41W compound heterozygote would also exhibit an LCA phenotype.
Both the mother and the father in this Leber family have the same CRX gene mutation, yet the mother, who is younger by 7 years, has more pronounced disease. A similar degree of phenotype variability was observed in our previous CORD family (UM H0992), in which the younger siblings were more severely affected (13) . Compared with the older brother (III-I) in that Fluorescein angiogram of the right eye superior to the macula of I-1, the 38-year-old mother of II-1 and heterozygous for the R90W mutation, shows tiny, punctate pigmentary retinopathy and marked thinning of the RPE causing a 'window defect' through which the white choroidal fluorescence is evident. This band of early RPE atrophy extends along the macular arcade vessels (curving along the bottom of this photograph), 20-40_ from the fovea in the rod-dense region of the retina. (C) Retinal function testing on the CRX-R90W family. ERG responses from the proband II-1, shown here at age 2 years, are >98% reduced for both rod and cone test conditions. Both parents with the heterozygous R90W mutation show ERG abnormalities: responses from rods and rod pathway neurons to the scotopic white flash (3.6 cd s/m 2 , condition) are 'electronegative' from reduction of the positive b-wave. A blue scotopic flash (0.014 cd s/m 2 , dark-adapted, normally producing the maximal rod system b-wave) gives normal amplitude for I-2 but is sub-normal for I-1 (Table 1 ). For I-1, the cone system response is reduced and electronegative (arrow) with the photopic flash (8.5 cd s/m 2 flash on a light-adapting 43 cd/m 2 background) and has sub-normal amplitude to 30 Hz flicker.
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family, the mother (I-1) in this Leber family had quite a similar disease; both retained normal acuity but had abnormal color discrimination, relative visual field loss centrally, punctuate RPE pigmentary maculopathy and ERG changes. Both the previous CRX cone-rod disease family (UM H0992) and the current LCA family showed electronegative scotopic and photopic ERG responses that suggest impaired signal transfer from both rod and cone photoreceptors to the bipolar second-order retinal neurons (23) . In both families, the heterozygous state can be described as having macular degeneration as a component of a more generalized 'cone-rod dystrophy' (24) . Since the parents in this Leber family are relatively asymptomatic, we do not know exactly when the disease condition became manifest, although based on our previous CRX study of CORD (13) and on ophthalmic examination of the carrier daughter (II-2) we presume that it was not congenital and that it may be progressive to some degree for these heterozygous individuals. Consistent with these findings, CRX mutations in heterozygote individuals are reported to result in varying degrees of photoreceptor degeneration (25, 26) . Identification of a homozygous mutation in the LCA child provides evidence for the involvement of CRX in early differentiation of cones and rods. Her visual function was quite severely compromised from the youngest age and apparently from birth.
In addition, the molecular and physiological data reported here on the heterozygous parents support a role for the CRX protein in maintaining normal function even in differentiated photoreceptors. Together with the previous clinical findings in a CORD family (13), our results of cone dysfunction in the heterozygous carrier parents indicate that different mutations within the CRX homeodomain can result in varying degrees of severity, which sometimes may not be recognized clinically until later in life. It is tempting to speculate that certain CRX mutations (in particular those in less conserved functional domains), alone or in combination with other genes [e.g. ABCR (27) ], may result in progressive yet slow loss of cone function, as observed in elderly patients with age-related macular degeneration.
MATERIALS AND METHODS
Mutation analysis
Blood samples were collected from participants in the study after obtaining informed consent. Standard methods were used for genomic DNA preparation. The procedures for mutation analysis have been described earlier (13, 28) . Briefly, oligonucleotide primers flanking the CRX exons (see ref. 13 for primer sequences) were used for PCR amplification of genomic DNA and the products were directly sequenced using the Sequenase kit (Amersham Life Science). When indicated, PCR products were digested with BsrI restriction enzyme (New England Biolabs), as per the manufacturer's instructions.
DNA binding studies
CRXHD R90W -GST was generated as previously described for CRXHD-GST (11) , except that the CRX R90W /pcDNA3.1/HisC vector was used as template DNA for the PCR reaction. Recombinant CRXHD-GST and CRXHD R90W -GST proteins were expressed, purified, analyzed by SDS-PAGE and immunoblot and tested by EMSA, as described (11) .
Transient transfection studies
A mammalian expression construct for the CRX R90W mutant was generated from a human CRX/pcDNA3.1/HisC vector (11) using the QuickChange site-directed mutagenesis kit according to the manufacturer's instructions (Stratagene). The primers used for the mutagenesis were CAGGTTTGGTTCAAGAACTGGAGG-GCTAAATGCAGGC and GCCTGCATTTAGCCCTCCAGTT-CTTGAACCAAACCTG. The mutation was confirmed by sequencing. Transient transfection assays were performed and analyzed as previously described (11) , except that the total amount of DNA was kept constant in each transfection by the addition of an appropriate amount of 'empty' pcDNA3.1/His C plasmid (Invitrogen).
Visual function analysis
Clinical evaluation and retinal function testing, including visual fields measurement by Goldmann perimetry, dark-adapted absolute threshold sensitivity by Goldmann-Weekers determination and color vision testing with Ishihara plates and Farnsworth's dichromate (D-15) panel were performed in standard fashion; retinal function testing by ERG recordings are described elsewhere (23) .
